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A B S T R A C T   
The plasmonic properties of bimetallic (gold and silver) core-shell nanostructures were studied numerically by 
using the boundary element method implemented in MATLAB (MNPBEM toolbox). The dependence of the bulk 
refractive index sensitivity of the nanostructures on the core/shell thicknesses was investigated, and regions of 
enhanced sensitivities were identified for both Ag@Au and Au@Ag type of nanostructures. For Ag@Au nano-
particles, utilizing a 14 ± 2 nm silver core radius with 4 ± 2 nm gold shell thickness or a 22 ± 2 nm core radius 
with 6 ± 1 nm shell thickness can yield a 1.2–2.5× increase in sensitivity compared to a purely silver nanosphere 
with the same size. For Au@Ag structures, 20 ± 3 nm gold core size with 10 ± 3 nm silver shell thickness was 
found to be optimal, with sensitivity enhancements between 2 and 5× compared to pure gold nanoparticles with 
the same size. The increased sensitivity can always be attributed to the hybridization of the plasmon absorbance 
peaks corresponding to the silver and gold parts, which merging comes with increased peak width (and thus 
decreased figure of merit) as a tradeoff. The provided sensitivity maps can be helpful for the design and fabri-
cation of plasmonic sensors utilizing core-shell nanostructures.   
1. Introduction 
Localized surface plasmon resonance (LSPR) is the coherent oscilla-
tion of conduction electrons on a nanoparticle, incited by an electro-
magnetic wave. Since this oscillation frequency depends on the 
dielectric properties of the medium surrounding the nanoparticles, this 
phenomenon can be effectively utilized for sensing purposes in chemical 
and biosensors [1,2]. LSPR based refractive index (RI) sensing can be 
advantageous compared to the classical thin-film based Kretschmann 
SPR configurations since LSPR can be excited conveniently (without the 
use of a prism or adjusting angles), which would enable its integration 
into small diagnostic devices [3]. 
Since the RI sensitivity of an LSPR sensor is determined by the ma-
terial composition, size, shape, and arrangement (i.e., interparticle gap) 
of the used nanoparticles [4], a large variety of diverse shapes and 
configurations are being tested for sensing, including nanoislands [5], 
nanodiscs [6], nanotriangles [7], nanocones [8], nanorings [9], or 
complex composite structures [10,11]. Bimetallic core-shell structures 
(mostly made from gold and silver) are also widely used for LSPR and 
also for SERS (surface-enhanced Raman spectroscopy) since their optical 
properties can be tuned by varying the core and shell thicknesses, as 
demonstrated with multiple methods [12–16]. Although the literature 
on Ag@Au and Au@Ag core-shell systems is extensive in terms of syn-
thesis and optical properties, only a few groups investigated the 
refractive index sensitivity of these structures, e.g., Ag@Au [17,18], 
Au@Ag [19]. Since the optical properties and RI sensitivity both depend 
on the core/shell thicknesses of these structures, their optimization 
would be of great importance, considering sensing applications. 
The change in the effective refractive index of the medium sur-
rounding the nanoparticles is usually monitored through the shift of the 
peak in the wavelength-dependent optical cross-sections. Experimen-
tally, the extinction cross-section is the easiest to measure from a 
directly transmitted beam, because it is the sum of the scattering and 
absorption cross-sections [20]. However, the optical description of core- 
shell structures is not as simple as a particle made of a single material. 
Hybridization theory allows the analysis of a more complex system by 
examining its components, so it could be suitable for the approximate 
characterization of the behavior of core-shell systems [21]. More accu-
rate results can be obtained analytically by using the generalized Mie 
theory, however, this method cannot be applied to general forms and 
arrangements [22]. 
The optical properties of complex nanoshapes and arrangements can 
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be investigated with the help of different numerical simulation ap-
proaches, such as DDA (discrete dipole approximation), FDTD (finite 
difference in the time domain), or finite element (FEM) based methods. 
In this work, the boundary element method (BEM) was used, which 
belongs to the class of finite element methods [23]. Its unique feature is 
that only the surface of the particle has to be discretized, so it is less 
computationally intensive compared to DDA, FDTD, or other FEM ap-
proaches [24]. 
This paper aims to utilize BEM simulations for the investigation of 
bimetallic Au/Ag core-shell nanostructures. Our main objective is the 
optimization of core/shell thicknesses for maximum refractive index 
sensitivities. This information can be used for the optimized design and 
fabrication of LSPR transducers utilizing such core-shell nanostructures. 
2. Methods 
For the simulations, the MNPBEM MATLAB toolbox was used [23], 
which was developed specifically for the simulation of nanoparticles and 
utilizes the boundary element method. From the simulation options, the 
‘ret’ (retarded) solver was selected, which solves the complete Maxwell 
equations. The toolbox solves the BEM equations after specifying the 
excitation, and the arrangement, consisting of the particle and the sur-
rounding dielectric. It calculates the charges and currents appearing 
inside and outside the particle interfaces so that the values of the elec-
tromagnetic fields can be calculated anywhere [23,25]. The extinction 
cross-section, calculated in the forward direction and assuming a small 
detector away from the particle, can then be queried with a single 
command. This is calculated using the optical theorem, which estab-
lishes a relationship between the extinction and the imaginary part of 
the scattering amplitude of the particle in the forward direction [26]. 
For the characterization of particles with different arrangements, the 
bulk refractive index sensitivity (RIS) was used, which is from now on 
referred to as sensitivity. Sensitivity can be calculated from the shifts of 
the peak observed at the extinction cross-sections of particles in two 
homogeneous media with different refractive indices. Measuring or 
computing bulk refractive index sensitivity (as defined by Eq. 1) is a 









Where λm is the wavelength of the peak in media m; nm is the refractive 
index of media m, n2 > n1. Refractive indices were used in dimensionless 
[RIU]. 
The definition of sensitivity does not take into account that the 
broadening of the peaks impairs the perceptibility of the displacement 
during a measurement. 
This problem can be considered by using the figure of merit (FOM), 
which is obtained by dividing the sensitivity by the full width at half 
maximum (FWHM) of the peak measured in [nm] [28], which is shown 





For our calculations, the FWHMs were approximated by the peak 
widths at half prominence, by using built-in MATLAB functions. 
2.1. Simulation parameters 
The size range to determine the RIS of pure gold and silver NPs was 
selected with based on the following considerations: There should be at 
least one definite peak in the visible spectrum, possibly in the near UV. 
Preliminary simulations showed that a few nm shell could have a sig-
nificant effect, but in the case of 1 nm we experienced artifacts, which 
was no longer present at rs = 2nm, so we chose this as the minimum layer 
thickness. The upper limit of the sizes is given by the peak at the small 
wavelength of the quadrupole mode for silver particles, which is difficult 
to ignore in the case of r ≫ 40nm, but to discuss it would complicate the 
description without any added value, so we maximized the external size 
of the particles in rfull = 43nm. So the shell radius (rshell) of the simulated 
nanoparticles were between 2nm and 38nm, while the minimal inner 
core radius (rcore) was 5nm. The full radius (rfull = rcore + rshell) of the 
largest investigated particle was 43 nm. The resolution of the internal 
radius and the thickness of the shell was 1 nm. The surfaces of both the 
inner and the outer sphere were approximated by uniform triangulation 
by using 256 vertices, which was achieved via the ‘trisphere’ function of 
the MNPBEM toolbox. For comparison with the core-shell NPs’ pure 
(single metal) spheres, nanoparticles built from 256 vertices were also 
used. A created model of a core-shell structure is illustrated in Fig. 1. 
The frequency-dependent permittivity of gold and silver are required 
input parameters to perform the simulation. All the simulations were 
based on the measurement results of Johnson and Christy [29]. 
Plane-wave excitation was used with light propagation in the Z di-
rection and light polarization in the X-direction. 
Refractive indices n1 = 1.33 RIU and n2 = 1.35 RIU were selected to 
calculate the sensitivity. The n = 1.33 was chosen because chemical and 
biosensors mainly operate in aqueous media. Although the peaks’ shift 
depends approximately linearly on Δn over a wide range [30], the used 
Δn value for the simulations should be selected carefully. A too-large Δn 
could make the related extinction peaks hard to identify and pair 
because of the complex spectra and interactions of core-shell systems. A 
too-small Δn would also not be advantageous, as it could amplify the 
numeric errors in the results. Our refractive indices were selected ac-
cording to these considerations. 
The location of the peaks was determined as follows: first, the local 
maxima of the extinction cross-section with a wavelength resolution of 
nm were determined, and then the position was further refined using the 
±3 nm environment of the local maximum. The precise determination of 
the position of the peak was achieved by fitting a second-degree poly-
nomial to these points, which is a good approximation in such a small 
environment of the local maximum. The value where the derivative of 
the fitted function is 0 was used as the position of the peak. This method 
gives a more accurate position value than the local maxima found in the 
raw data, and the result of the fitting in a small environment of the local 
maxima corresponds to the results obtained by fitting the Gaussian 
function to the same data, but it can be performed much faster. Sensi-
tivities were calculated from the defined (n1 = 1.33 RIU, n2 = 1.35 RIU) 
peak pairs using the formula already described in Eq. (1). 
3. Results 
It is widely known that the extinction spectra of geometrically 
Fig. 1. Example of an Ag@Au core-shell nanosphere with the used 256 vertices 
resolution (the shell is cut out to reveal the core). 
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identical gold and silver nanoparticles are very different [31]. In the size 
range of 20 nm to 100 nm, the extinction peaks of silver particles in an 
aqueous medium are observed between 400 and 520 nm, while in the 
case of gold, between 525 and 580 nm [32]. An important difference is 
that the maximum extinction achievable with silver is more than an 
order of magnitude higher, moreover, its refractive index sensitivity is 
also much better than gold [28]. In the case of core-shell particles, the 
properties of both metals can be observed. As it could be expected, in the 
case of a thick shell, the properties of the outer metal dominate, while in 
the case of a thin shell, the properties of the core are more visible. 
However, the detailed description of the core-shell structure’s behavior 
is more complex. Following the hybridization theory, in some cases, in 
addition to the peaks of the mere core and the mere shell, new hybrid 
peaks appear [33]. Thus, sensitivity calculations were performed sepa-
rately for each peak, but only the dominant peak of the spectrum will be 
shown in the next figures. 
3.1. The sensitivity of Ag@Au core-shell nanostructures 
In the case of Ag@Au core-shell nanoparticles, (silver core and gold 
shell) two different types of peaks play a dominant role in the spectrum 
of the extinction cross-section, one peak belonging to the silver core 
while the other to the gold shell. The former is primarily present for 
thicker, while the latter is for thinner gold shells (rshell < 12 nm), but in 
some cases, the two types may be present simultaneously. Identification 
of the peaks’ type was based on the wavelength of the peaks. As a rule of 
thumb, within the studied size range, peaks below 500 nm belong to the 
silver core, and all above belong to the gold shell. The range of different 
peaks can be illustrated well by displaying the wavelength of the highest 
peak, as illustrated in Fig. 2. 
This approach is practical because further than 2 nm in any direction 
from the boundary, the secondary peaks are only marginal in height. The 
dominance transition of the primary peak was marked with a red line in 
Fig. 2. 
If the gold shell is thin (2 − 3) nm, only the peak belonging to the 
silver core appears. The peak is well defined, they are also similar but 
wider than if the particles were made of only pure silver. In the case of a 
thicker (4 − 10) nm gold layer, the peak of the shell also appears on the 
spectrum. The peak belonging to the core is broadened, not well defined, 
however, in this case, the sensitivity of the structure increases. If the 
gold layer is even thicker, the only peak corresponding to the shell is 
present. Four extinction spectra are presented in Fig. 3 to illustrate their 
characteristic features in the different shell-size ranges. 
The bulk refractive index sensitivities of the core-shell structures 
with various core and shell thicknesses are plotted in Fig. 4. Simulations 
were also performed on pure gold nanoparticles resulting in monoto-
nously increasing sensitivity between 50 nm/RIU and 180 nm/RIU for 
radii between 5 nm and 40 nm, respectively. A similar trend and 
sensitivity values can be seen in the upper part of Fig. 4 where the 
dominant peak corresponds to the gold shell. Higher sensitivities than 
silver spheres of the same size can only be found at the region where the 
peaks belong to the silver core. 
In terms of sensitivity, anomalies can be observed at the transition 
ranges (marked with empty white squares in Fig. 4), that appear when 
Fig. 2. Position of the highest peak at n = 1.33 for Ag@Au core-shell nanoparticles. The red line marks the transition from the silver core to the gold shell. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
Fig. 3. Extinction cross-section spectra of rc = 22 nm Ag@Au particles with 
different shell thicknesses at n = 1.33. 
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the peaks merge or flatten, often accompanied by the appearance of 
hybrid peaks. Although these anomalies could appear as a jump-like 
increase in sensitivity (if evaluated with the same methodology), how-
ever, these cases are not suitable for sensors due to the widened peaks 
and have therefore been cut out of the sensitivity figures. 
To demonstrate which core-shell sizes are preferable compared to 
pure silver, a separate figure has been plotted in Fig. 5. The enhance-
ment shows the sensitivity of a particular core-shell particle divided by 
the sensitivity of an Ag particle of the same external size: rcore + rshell =
rcs full = rAg. 
In Fig. 5 two distinct hot-spot regions with enhanced sensitivities can 
be observed: one at 14 ± 2 nm core radius with 4 ± 2 nm shell thickness 
and one at 22 ± 2 nm core radius with 6 ± 1 nm shell thickness. These 
enhancement hot-spots correspond well with the positions of the highest 
obtainable sensitivities in Fig. 4. These presence of these hot-spots is due 
to the merging of the core-shell materials’ peaks close to the peak 
dominance transition threshold (where the dominant peak shifts from 
the core to the shell material, marked with a red line). This merging 
naturally comes with increased peak widths, which can be disadvanta-
geous for some practical applications. 
In other words, the increased sensitivity comes with a tradeoff of a 
worse figure of merit (FOM, characterized by the sensitivity/peak full 
width at half maximum), as can be seen in the presented spectra of 
Fig. 3. However, most of the area below the transition threshold (red 
Fig. 4. Bulk refractive index sensitivity chart of Ag@Au core-shell nanostructures. The white squares mark empty data, where the shift of the spectra could not be 
properly evaluated. 
Fig. 5. Sensitivity enhancement of Ag@Au core-shell nanostructures compared to pure Ag nanospheres with the same total size. The white squares mark empty data, 
where the shift of the spectra could not be properly evaluated. 
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line, in Figs. 4 and 5) has enhancement above one, so very thin gold 
shells on silver cores can still be advantageous in terms of sensitivity 
without significantly reducing the sensor’s FOM. Similarly to the pre-
vious figure, the calculated FOM was also plotted in Fig. 6. This map 
confirms that the FOM also has local maxima in the position of sensi-
tivity hot-spots, which consolidates our previous recommendations. 
From a practical point of view, another advantage of a thin gold shell 
is that such core-shell NPs are more stable and resistant to oxidation 
than pure silver particles. Thus by using a thin gold shell relative to the 
core’s diameter, this advantage can be exploited without significantly 
affecting the usual properties of the silver core and even enhancing its 
refractive index sensitivity with a factor of 1.2–2.5, depending on the 
shell size. 
3.2. The sensitivity of Au@Ag core-shell nanostructures 
As mentioned before, the extinction cross-section of silver nano-
particles can reach much larger values than gold particles of the same 
geometry [28]. Based on this, it is not unexpected that applying a thin 
layer of silver to the gold particles drastically changes the characteristics 
of the extinction spectrum. 
In Fig. 7 characteristic spectra corresponding to various shell thick-
nesses at a fixed core size are shown, while Fig. 8 presents the positions 
of the highest peaks for Au@Ag core-shell nanostructures, simulated at 
n = 1.33. Similar to Ag@Au particles, the figure can be divided into two 
main regions. In the case of relatively thin shells compared to the cores 
(right side of Fig. 8), particles have a gold-like extinction spectrum. In 
this range, the wavelengths of the prominent peaks are typically greater 
than 490 nm. 
The shape of the boundary separating the two domains (marked with 
red in Figs. 8 and 9) is different from what we have seen for the Ag@Au 
case. 
The bulk refractive index sensitivities of the different core-shell 
structures are plotted in Fig. 9. At rc ≈ 27 nm, the boundary is blurred 
due to the merged peaks, the transition between the dominant peaks 
(from gold to silver) is continuous in this region. High sensitivity regions 
are located along this borderline. The increase in the sensitivity can be 
associated with the increased dominance of the peaks belonging to the 
silver shell (at lower wavelengths). Other hot-spot regions can be 
observed at core radii around 19–22 nm, at shell thicknesses between 9 
and 15 nm. 
Fig. 10 shows the enhancement values, calculated in comparison 
with a pure Au nanosphere with similar thickness. For thicker shells (e. 
g.,>10–15 nm), the extinction spectra and sensitivities are similar to 
those usual for silver, which accounts for the stable 2–3 enhancement 
compared to pure gold. In the right side of Fig. 9, the spectra and sen-
sitivities are similar to gold, thus the enhancement is around 1. An 
optimal region for fabrication could be identified around 20±3 nm core 
size with 10±3 nm shell thickness, where the enhancement yielded by 
the silver shell can be 2–5× compared to a pure gold particle. It has to be 
noted that again, the cost of increased sensitivity is a decrease in the 
FOM due to increased peak width (see Fig. 11). Here the local maxima in 
the FOM map also correspond well with the sensitivity hot-spots of 
Fig. 9, but it has to be noted that the FOM in these local maxima is 
significantly smaller (e.g. 0.5×), then the FOM corresponding to pure 
Fig. 6. The figure of merit (FOM) of Ag@Au core-shell nanostructures in the function of core and shell thicknesses. The white squares mark empty data, where the 
shift of the spectra could not be properly evaluated. 
Fig. 7. Extinction cross-section spectra of rc = 22 nm Au@Ag particles with 
different shell thicknesses at n = 1.33. 
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silver (left side of Fig. 11 with small Au core sizes). Also, covering the 
gold particles with a thin silver layer might not be practical for some 
sensor applications. 
Our results are in good agreement with previously published calcu-
lations. The shape of the extinction spectra and the position of the 
dominant peaks are similar as (radius of the core = rc, thickness of the 
shell=rs): In the case of Ag@Au: (rc = 30nm, rs = 2.14nm ≈ 2nm) [34], rc 
= {10,20}nm, rs = {5,20}nm [22]. Au@Ag: rc = 15nm, rs = (2…10)nm 
[35], rc = {10,20}nm, rs = {5,20}nm [22], rc = 13nm, rs = {2,4,9}nm 
[36]. The latter also contains sensitivity data, which is also consistent 
with our calculations. (In some articles, the diameter of the particles was 
used as a parameter, but in the comparison, we used our own convention 
so the core radii rc were recorded). 
4. Conclusions 
By examining Au@Ag and Ag@Au core-shell nanoparticles (with a 
maximum full radius of 43 nm, minimum core radius and shell thickness 
of 5 nm and 2 nm, respectively), the dominant absorption peaks (the 
highest peak of the extinction cross-section spectrum) could be well 
distinguished based on their origin (silver or gold), only in a few areas 
are multiple relevant peaks present at once. In the case of Ag@Au, these 
domains can be sharply separated from each other, while in the Au@Ag 
system, in a certain range, the dominance changes at the full confluence 
Fig. 8. Position of the highest peak at n = 1.33 for Au@Ag core-shell nanoparticles.  
Fig. 9. Bulk refractive index sensitivity chart of Au@Ag core-shell nanostructures. The white squares mark empty data, where the shift of the spectra could not be 
properly evaluated. 
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of the peaks. A significant increase in sensitivity compared to single 
metal particles of the same size can be achieved by using a core-shell 
structure in the size range dominated by smaller wavelength (silver- 
derived) peaks. An increase in sensitivity is almost always accompanied 
by a flattening and widening of a given peak, resulting in reduced FOMs, 
so finding a compromise is required, considering the given application 
areas (e.g., type of transducer and signal readout). In terms of sensi-
tivity, Au@Ag structures at the most size range perform better, but from 
a practical point of view, using Ag@Au systems with a few nm gold shell 
could a better solution for most applications due to their better chemical 
stability. The provided sensitivity and figure of merit maps (which are in 
good correspondence) can be used to optimize the design and fabrica-
tion of plasmonic sensors utilizing core-shell nanostructures. 
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Fig. 10. Sensitivity enhancement of Au@Ag core-shell nanostructures compared to pure Au nanospheres with the same total size. The white squares mark empty 
data, where the shift of the spectra could not be properly evaluated. 
Fig. 11. The figure of merit (FOM) of Au@Ag core-shell nanostructures in the function of core and shell thicknesses. The white squares mark empty data, where the 
shift of the spectra could not be properly evaluated. 
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